A B S T R A C T The effect of ethanol on the interrelationship of lactate and glucose metabolism was investigated in eight human volunteers. Lactate and glucose kinetics and intervconversion rates were determined by the sequential administration of L-(+) lactate-U-14C and glucose-1-14C over an 8 hr period. After a 12 hr fast, the glucose turnover and recycling rates were 94.0 ±3.8 (SEM) and 13.7 ±1.1 mg/kg per hr, respectively. Approximately 50% of the glucose turnover or 40.7 ±2.1 mg/kg per hr was converted to lactate, accounting for 50% of the lactate turnover rate. Lactate turnover and lactate conversion to glucose were 81.8 ±6.2 and 16.7 ±1.1 mg/kg per hr, respectively. Approximately 20% of the glucose turnover was derived from lactate under these conditions. During the administration of ethanol, the blood lactate concentration doubled and the lactate turnover rate declined slightly. Lactate conversion to glucose was markedly inhibited, decreasing from 16 to 5 mg/kg per hr, and the per cent of the glucose turnover derived from lactate decreased from 18 to 6. Despite the marked inhibition of lactate conversion to glucose, neither the blood glucose concentration nor the glucose turnover rate changed. Both glucose recycling and glucose conversion to lactate were decreased, indicating that ethanol inhibited peripheral glucose utilization. There was no difference in the degree of inhibition of lactate incorporation into glucose produced by ethanol when nonfasted subjects were compared with two subjects who had fasted for 48-72 hr despite the presence of hypoglycemia in the latter.
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These results indicate that starvation is not a prerequisite for ethanol inhibition of gluconeogenesis from lactate in humans but is necessary for the development of hypoglycemia. Inhibition of lactate incorporation into glucose in nonfasted subjects is probably masked by a concomitant increase in glycogenolysis which prevents hypoglycemia. Ethanol decreases glucose conversion to lactate as well as lactate conversion to glucose, thus inhibiting the Cori cycle. INTRODUCTION Although there have been numerous studies of ethanol's effect on blood glucose concentrations and glucose homeostasis in man (1) (2) (3) (4) (5) (6) , relatively little is known concerning its effect on glucose synthesis per se. Except for a few experiments, summarized recently (7) in which ethanol was demonstrated to inhibit glucose synthesis from alanine, glutamate, glycerol, and lactate by surviving slices and biopsy segments of human liver, there have been no in vitro nor in vivo studies of its effect on gluconeogenesis in man. In a single study in which ethanol decreased the hepatic uptake of glycerol (8) , an important precursor of glucose, glucose production was not measured. The paucity of information concerning the effect of ethanol on human gluconeogenesis is in striking contrast to that which has been obtained from extensive in vitro studies in animals (9) (10) (11) (12) (13) . It is primarily as a result of the latter, in which ethanol has been demonstrated to inhibit gluconeogenesis from amino acids and other glucose precursors, that the mechanisms by which it produces hypoglycemia have been defined.
An interesting paradox of ethanol's effect on glucose homeostasis has been that while it inhibits gluconeogenesis by liver tissue from nonfasted humans and rabbits and briefly fasted rats (4, 7), it does not produce hypoglycemia in man or other animals unless its administration is preceded by a 48-72 hr fast (2, 14) . It has been suggested that the nutritional status of the organism determines whether ethanol induces hypoglycemia (9) . In the presence of an adequate hepatic supply of 3-carbon precursors, such as occurs in the fed state, there is sufficient substrate for cytoplasmic reoxidation of the NADH that is formed during the metabolism of ethanol, and inhibition of gluconeogenesis does not occur. In contrast, in the absence of sufficient quantities of 3-carbon precursors, such as occurs with prolonged fasting, greater proportions of the NADH must be reoxidized in the mitochondrion with resulting impairment of gluconeogenesis. Although such statements imply that ethanol only inhibits gluconeogenesis when substrate availability is limited, it is possible, as suggested recently (14) , that inhibition of hepatic gluconeogenesis may occur in the nonfasted subject but be masked by the presence of adequate glycogen stores and concomitant glycogenolysis. Recent studies from this laboratory which demonstrated a prompt inhibitory effect of ethanol on lactate incorporation into glucose in the absence of hypoglycemia (15) support such a proposal.
With these thoughts in mind, we have utilized techniques which have recently been described for the quantification of glucose and lactate interconversion (16) to examine the effect of ethanol on gluconeogenesis in man.
METHODS
Lactate and glucose turnover studies were performed before and during the administration of ethanol in four male and four female volunteers aged 19-35 yr. Informed consent was obtained from all subjects. Their vital statistics are presented in Table I . Each study was begun between 7:30 and 8 :00 a.m. after a fast of 10-12 hr. Two types of studies were performed, one in which only glucose turnover was measured and the other in which both lactate and glucose turnover were measured. When only glucose turnover was measured, glucose-1-'4C was infused at a constant rate for 8 hr. When both were measured, the techniques utilized were modified from those described previously (16) in the following way: lactate and glucose turnover was determined sequentially over an 8 hr period on 1 day rather than over 4-hr periods on consecutive days. We have assumed that the metabolism of lactate and glucose determined in two successive 4-hr periods on the same day represents the pattern of metabolism for both substrates during the total infusion period of 8 hr. 50 1Ci of sodium L-(+) lactate-U-"C (Nuclear-Chicago, Des Plaines, Ill.) was administered over the first 4 hr through an indwelling polyethylene venous cannula by a primed infusion technique in which the ratio of priming dose (,gCi) to infusion rate (1iCi/hr) was 1: 1. 50 gCi of glucose-1-'4C was then administered from the 5th through the 8th hr by a primed infusion technique in which ratio of priming dose (ACi) to infusion rate (jACi/hr) was 2: 1.
When only one isotope was infused, the ratio of the priming dose to infusion rate was the same as used in the sequential study of that substrate. The total dose of radioactivity received in the single infusion was the same as that received in the sequential infusion study.
Blood was withdrawn at 30-min intervals through an indwelling venous catheter placed in the opposite arm that was kept patent with a slow saline infusion of isotonic saline or of a dilute heparin solution. 10 ml of whole blood was deproteinized with perchloric acid and neutralized with potassium hydroxide. The neutralized deproteinized extract was chromatographed on Dowex 1-X8 resin (formate form) (Dow Chemical Co., Midland, Mich.) and the eluates were counted and analyzed for glucose and lactate by methods described recently (16) . While these procedures are essentially those that we have previously used for lactate turnover, they depart in the following ways from those used for glucose turnover: (a) blood samples were previously deproteinized and neutralized with barium hydroxide and zinc sulfate rather than with perchloric acid and potassium hydroxide, and (b) the neutralized extracts were previously 
RESULTS
Results of a representative study in which glucose-1-1'C was infused for 8 hr is shown in Fig. 1 . As shown in panel A of Fig. 1 , the blood glucose concentration declined slightly during the infusion in this subject from 78 to 72 mg/100 ml. This degree of fall in the blood glucose concentration was observed in most of the studies. The glucose specific activity ranged from 5.56 to 6.35 X 10' dpm/mmole but with the exception of the 90-and 120-min values varied only 5% during the infusion period. The 30-and 60-min specific activity values are not plotted since equilibration and distribution of the isotope occurs during this period and the values are not representative of the isotopic steady state. The blood lactate specific activity values increased during the early phases of the infusion, reaching constant values during the period from 150 to 240 min (panel B of Fig. 1 ). After reaching this plateau, there was often a tendency for the lactate specific activity to increase slightly during the remainder of the infusion. The specific activity of glucose due to recycling (panel C of Fig. 1 ) increased progressively throughout the infusion. Glucose inflow and outflow rates were always closely balanced (panel D of Fig. 1 ).
The effects of ethanol on the same parameters during an 8 hr glucose-1-14C infusion are shown for a representative study in Fig. 2 . In contrast to the specific activity time course curve for glucose, lactate, and recycled glucose shown in Fig. 1 , ethanol produced significant changes which were identifiable within 30 min. The glucose specific activity (panel A of Fig. 2 ) increased during the period of ethanol administration and was approximately 10% greater than that observed in the preceding control period (0-240 min). In contrast to the steady increase in the lactate specific activity that occurred during the period from 270 to 480 min in the absence of ethanol, the specific activity remained the same or declined in its presence (panel B of Fig. 2) . As indicated by the failure of the recycled glucose specific activity to rise throughout the infusion period (panel C of Fig. 2 The combination of these results with previous observations that ethanol produced a prompt and sustained inhibition of lactate conversion to glucose (15) led us to design experiments in which glucose and lactate interconversion could be determined on the same day. Results of a representative study in which L-(+) lactate-U-14C and glucose-1-1'C were administered sequentially are shown in Fig. 3 . Studies of this type were performed on two separate occasions, before and during the administration of ethanol. Blood lactate specific activity values (panel A of Fig.' 3) increased progressively during the infusion of lactate-U-14C. This pattern was observed in four subjects while in the other two the lactate specific activity values achieved a plateau between 150 and 240 min. In previous studies in which lactate-U-14C was infused for 8 hr, lactate specific activity plateaued by 240 min but often demonstrated a small secondary rise (15) . We believe that this finding is due to conversion of endogenously labeled glucose to lactate which raises the activity of the lactate pool in the face of a constant infusion of lactate-U-14C. Lactate turnover for each subject is the mean of four individual values calculated from the lactate specific activities at 150, 180, 210, and 240 min. The individual coefficient of variation for lactate turnover determined from the average of these four values ranged from 1.8 to 10.0% with a mean of 5.75% ±0.95 (SEM, n = 8). We therefore believe that, while the patients were not in an absolute radioisotopic steady state, the lactate turnover calculated from these data is a reasonable approximation of the steady-state value. The blood glucose specific activity values (panel B of Fig. 3 ) rose progressively during the infusion of lactate-U-14C. The glucose specific activity values at 180, 210, and 240 min were used to calculate the per cent of the glucose turnover which was derived from lactate. After discontinuation of the lactate-4C infusion and during the administration of glucose-1-J'C, the blood lactate specific activity fell (panel C of Fig. 3 ), reaching constant levels during the period from 390 through 480 min. The specific activity of glucose (panel D of Fig. 3 ) became constant within 60 min of the beginning of the primed-constant infusion of glucose-1C. Glucose turnover for each subject was the mean of six individual values obtained at 30-min intervals from 330 through 480 min. The lactate specific activity values at 390, 420, 450, and 480 min during the infusion of glucose-1-14C were used to calculate the per cent of lactate that was derived from glucose.
The glucose kinetics of six subjects determined by the above described sequential techniques before the administration of ethanol are presented in Table II . The mean glucose turnover rate was 94.0 mg/kg per hr ±3.8 (SEM). This value is approximately 80% of the glucose turnover rate determined when glucose-1--"C was infused for 4 hr on the day after the infusion of lactate-U-14C and when samples were chromatographed on Amberlite rather than Dowex resin. This discrepancy is most likely due to the "4C remaining in glucose from the preceding infusion of lactate-"C and a higher glucose specific activity than would have been obtained had the glucose turnover not been performed sequentially. To estimate the extent to which this carry-over influenced the glu-cose specific activity, we performed experiments in which the infusion of lactate-14C was not followed by glucose-14C and measured the rate of disappearance of 1'C from glucose. Blood glucose specific activity decayed at a rate of 20% per hr and it can therefore be estimated that residual 14C in glucose could account for 10-20% of the glucose specific activity during the period of glucose-14C infusion. Glucose recycling constituted 14.5%
of the glucose turnover rates versus the value of 10.4% for the previous studies. However, the absolute rates of recycling were not appreciably different. Minor differences were also observed when glucose oxidation rates for both procedures were compared. However, the most striking changes were observed in the calculated rates of glucose conversion to lactate. With the more refined techniques used in this study, the mean glucose to lactate conversion rate was 40.7 mg/kg per hr +2. Fig. 4 . The values demonstrated in the figure are those obtained before and during ethanol. There was no significant difference in blood glucose concentrations before or during ethanol. The mean glucose turnover rate decreased in five of the six subjects from 94.0 ±3.8 to 87.3 ±3.1 mg/ kg per hr; however, the change was not significant. Glucose recycling was markedly inhibited in all subjects and decreased by approximately 70% from 14.3 ±1.1 pre-ethanol to 4.6 +0.3 mg/kg per hr during ethanol. Glucose conversion to lactate was reduced in five and unchanged in one subject. The mean conversion rate decreased from 40.7 ±1.1 to 32.5 ±1.1 mg/kg per hr. When the values for glucose recycling and glucose conversion to lactate were combined, ethanol produced a 35% reduction from 56.3 +1.6 to 37.0 +1.0 mg/kg per hr.
The effect of ethanol on blood lactate concentration and lactate turnover and disposal is shown in Fig. 5 . The blood lactate concentration during the administra- The effects in two subjects of a 72 hr fast alone and with ethanol on glucose turnover, glucose recycling, and glucose derived from lactate is shown in Table IV . With fasting alone, 35 and 60% of the glucose turnover was derived from lactate, findings consistent with our previous observations concerning lactate conversion to glucose during starvation (16) . Ethanol produced significant hypoglycemia in both subjects, lowered glucose turnover and recycling, and inhibited lactate conversion to glucose. The inhibition of lactate conversion to glucose by ethanol in these subjects was no greater than that which occurred in fed individuals. (20) . Lactate serves as a significant glucose precursor in the human, accounting for approximately 21% of the glucose turnover in the nonfasted state and 35% during prolonged starvation (16) . Approximately 14% of the glucose pool is derived from lactate in sheep (20) . As indicated in this and previous studies (16) of lactate conversion to glucose in man, an infusion period of 4 hr may not always be sufficient to allow achievement of constant glucose specific activity. In that regard, our calculations of the glucose turnover which is derived from lactate may underestimate the actual value. Inspection of the contour of the glucose specific activity curve during an 8 hr infusion of lactate-'4C (15) suggests that a plateau is reached at approximately 4-5 hr but that there is a secondary rise over the remainder of the infusion period. The latter may be due to increased specific activity of the glucose pool and greater participation of labeled glucose in the recycling process without any increase in recycling and does not necessarily reflect increased lactate incorporation into glucose. This interpretation is also supported by the observation that the lactate specific activity also rises during this interval but that the lactate concentration remains constant. A recent critical review of glucose recycling has emphasized the variability of this process in otherwise normal subjects and the probable importance of anxiety as a modifying factor (21) . Certainly the wide range of lactate turnover rates observed in the current group of normal subjects supports such a proposal. The values for glucose recycling in the current study are similar to those of previous studies from this laboratory (16, 22 (14) , the net effect of ethanol on the blood glucose concentration is determined by opposing actions on glucose production and utilization. Ethanol decreases peripheral glucose disposal, which tends to raise the blood glucose, as well as inhibiting hepatic glucose release, which tends to lower it. If maintenance of the blood glucose concentration in these subjects was due to concomitant and balanced changes in glucose production and utilization, then a greater decrease in the glucose turnover rate than was observed would have been expected. Since the glucose turnover rate was not significantly reduced by ethanol, we propose that the inhibition of gluconeogenesis in our subjects was masked by a concomitant increase in glycogenolysis.
DISCUSSION
Because hepatic glycogen stores are preserved in normal subjects fasted for short periods of time, it has not been possible to determine from measurements of peripheral or hepatic venous glucose whether ethanol has inhibited gluconeogenesis. Ethanol decreases glucose production by the perfused rat liver from animals fasted for only 18 hr (1, 11) and inhibits alanine incorporation into glucose by liver slices from nonfasted rabbits and man (4, 7) . Our results indicate that starvation is not a prerequisite for ethanol inhibition of gluconeogenesis but is necessary for the development of hypoglycemia. This is supported by our additional observation that there was no difference in the degree of inhibition of gluconeogenesis produced by ethanol when our nonfasted subjects were compared with the two subjects who had fasted for In addition to decreased lactate conversion to glucose, these studies indicate that glucose conversion of lactate is also inhibited by ethanol. The decrease in glucose recycling observed in these studies was therefore not due entirely to inhibition of lactate conversion to glucose but also to decreased glucose conversion to lactate. The recovery of glucose in lactate and in recycled glucose, which partially reflects peripheral metabolism of glucose, was inhibited 35%, thus confirming the observation that ethanol inhibits peripheral glucose utilization in dogs (14) . Whether this effect is due to ethanol directly or to acetate, which has been demonstrated to mediate many of its effects (24) , cannot be stated. It is also possible that the increased availability of lactate that occurs with the administration of ethanol may be partially responsible for the inhibition of glucose utilization since lactate has been shown to block glucose oxidation and turnover in dogs (25) .
As indicated by the pre-ethanol studies, approximately 50% of the normal lactate turnover is derived from glucose, the remainder presumably coming from muscle glycogen and other sources, perhaps amino acids. Despite the reduction in glucose conversion to lactate by ethanol, there was no change in the rate of production of lactate in the acute studies (15) nor lactate turnover in the chronic studies. This strongly suggests that the contribution of other sources to the lactate pool must have increased. While the deficit in the lactate pool which arises from the decreased glucose contribution may be made up by peripheral tissues, it is also possible that the liver makes a contribution. Ethanol increases the recovery of alanine-14C in lactate in studies with rat liver slices (9) and the conversion of serine and alanine to lactate by the isolated perfused rat liver (13) . Similar alterations in humans may account for the observation that ethanol not only blocks lactate by the liver but also increases hepatic vein lactate concentrations (26, 27) . Since alanine is an important glucose precursor arising primarily from peripheral protein stores, its conversion to lactate, either in muscle or liver in the presence of ethanol, would decrease its availability for glucose synthesis and might be an important contributory factor in the development of hypoglycemia. It would be of some interest to known whether ethanol alters the concentrations of blood amino acids and alanine in particular. To our knowledge, such studies have not been performed. Recent studies indicate that reciprocal changes may be observed in blood amino acid concentrations in obesity and during nutritional manipulation, and unless specific measurements of individual acids is undertaken, important changes may be obscured (28, 29) .
It is important to emphasize that metabolic data obtained with isotopic dilution techniques must be interpreted with some reservation. Estimates of lactate turnover from lactate-14C disappearance may not reflect net lactate balance. Because of the rapid exchange of "4C in lactate wtih pyruvate and its subsequent incorporation into other amino acids and tricarboxylic acid cycle intermediates without net disappearance of substrate, it is likely that the calculated turnover is greater than true lactate flux. Furthermore, since the rate of isotopic exchange is more rapid than true lactate metabolism, less "C is available for oxidation and conversion to glucose with the result that the disposal of lactate by these routes will be underestimated. The extent to which these exchange reactions contribute to the disappearance of the "C label and thereby overestimate true chemical flow of substrate and underestimate metabolism cannot be determined from these studies. However, in view of the fact that the turnover of lactate determined isotopically (80 mg/kg per hr) is approximately twice the estimated rate of lactate production (46 mg/kg per hr) by the three major tissues producing lactate (brain, erythrocytes, and muscle) (16) and because the incorporation of lactate into glucose and C02 can account for only 30% of the turnover, it is likely that this exchange is significant.
APPENDIX
Lactate turnover (mmoles/hr) = lactate-'4C infusion rate (dpm/hr) blood lactate specific activity (dpm/mmole) CO2 from lactate (G) = CO2 specific activity (dpm/mmole) X 3 X 100 blood lactate specific activity Lactate oxidation (mmoles/hr) = % CO2 from lactate X minute CO2 production (mmoles) X 60 blood glucose specific activity (dpm/mmole) X 100 blood lactate specific activity (dpm/mmole) X 2 Glucose from lactate (mmoles/hr) = %Yo glucose from lactate X glucose turnover (mmoles/hr) Lactate conversion to glucose (mmoles/hr) = glucose from lactate (mmoles/hr) X 2 Glucose turnover (mmoles/hr) = blood glucose-1-'4C infusion rate (dpm/hr) blood glucose-1-'4C specific activity (dpm/mmole) C02 from glucose (%) = CO2 specific activity (dpm/mmole) X 6 X 100 blood glucose specific activity (dpm/mmole) Glucose oxidation (mmoles/hr) -CO2 from glucose X minute CO2 production (mmoles) X 60 6 blood lactate specific activity (dpm/mmole) X 2 X 100 blood glucose specific activity (dpm/mmole)
Lactate from glucose (mmoles/hr) = % lactate from glucose X lactate turnover (mmoles/hr) Glucose conversion to lactate (mmoles/hr) = lactate from glucose (mmoles/hr) 2
